Short-term acclimation and long-term adaptation represent two ways in which forest trees can respond to changes in temperature. Yet, the relative contribution of thermal acclimation and adaptation to tree physiological responses to temperature remains poorly understood. Here, we grew two cool-origin and two warm-origin populations of a widespread broad-leaved evergreen tree species (Corymbia calophylla (Lindl.) K.D.Hill & L.A.S.Johnson) from a Mediterranean climate in southwestern Australia under two growth temperatures representative of the cool-and warm-edge of the species distribution. The populations selected from each thermal environment represented both high and low precipitation sites. We measured the short-term temperature response of leaf photosynthesis (A) and dark respiration (R), and attributed observed variation to acclimation, adaptation or the combination of both. We observed limited variation in the temperature optimum (T opt ) of A between temperature treatments or among populations, suggesting little plasticity or genetic differentiation in the T opt of A. Yet, other aspects of the temperature response of A and R were dependent upon population and growth temperature. Under cooler growth temperatures, the population from the coolest, wettest environment had the lowest A (at 25°C) among all four populations, but exhibited the highest A (at 25°C) under warmer growth temperatures. Populations varied in R (at 20°C) and the temperature sensitivity of R (i.e., Q 10 or activation energy) under cool, but not warm growth temperatures. However, populations showed similar yet lower R (at 20°C) and no differences in the temperature sensitivity of R under warmer growth temperatures. We conclude that C. calophylla populations from contrasting climates vary in physiological acclimation to temperature, which might influence how this ecologically important tree species and the forests of southwestern Australia respond to climate change.
Introduction
Temperature influences the distribution of forest tree species (Woodward et al. 1990 , Prentice et al. 1992 , genetic differentiation within species Korbobo 1983, Reich et al. 1996) , and CO 2 exchange between forests and the atmosphere (Goulden et al. 1996 , Beer et al. 2010 . Physiological acclimation and adaptation represent two important ways that trees may respond to temporal or spatial variation in temperature (Smith and Dukes 2013, Vanderwel et al. 2015) . Physiological acclimation is a reversible adjustment in the short-term temperature response of net photosynthesis (A) and respiration (R) in response to changes in growth temperature that occur over relatively short time scales (days to months, Tjoelker 2003, Way and . Physiological adaptation (genetic differentiation associated with temperature), on the other hand, is a long-term evolutionary response to temperature that results in genetic variation in the temperature response of A and R. What remains unclear, however, is the relative contribution of both acclimation and adaptation to variation in the temperature response of A and R. Understanding how acclimation and adaptation constrain the temperature response of A and R could inform predictions of forest CO 2 exchange over space and time, as well as species' responses to climate warming.
The maximum carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, V cmax ), and the rate of electron transport (J) required to regenerate ribulose-1,5-bisphosphate, are two key biochemical determinants of A (Farquhar et al. 1980 ). In the short-term, V cmax and J both increase with increasing measurement temperature before reaching an optimum (T opt ), after which they decline with further increases in temperature (Berry and Björkman 1980 , Crous et al. 2013 . Changes in prevailing growth temperature (T growth ) sometimes alter the short-term temperature response of A, V cmax and J (Ferrar et al. 1989 , Way and Sage 2008 , Way et al. 2015 . In particular, plants grown under warmer growth temperatures usually possess a higher T opt of A than plants grown under cooler conditions (Billings et al. 1971 , Slatyer 1977 , Slatyer and Morrow 1977 , Battaglia et al. 1996 , Kattge and Knorr 2007 , Gunderson et al. 2010 , Sendall et al. 2015 , reflecting one form of photosynthetic temperature acclimation . However, variation in growth temperature does not always result in a change in the T opt of A (e.g., Dillaway and Kruger 2010) , and across species and functional types, changes in T growth do not consistently alter V cmax and J measured at a common temperature (e.g., 25°C) Knorr 2007, Way and Oren 2010) . Thus, there is some uncertainty regarding the pervasiveness of photosynthetic temperature acclimation.
Short-term temperature responses of A, V cmax and J often differ among tree species (Dreyer et al. 2001 , Cunningham and Read 2002 , Medlyn et al. 2002 , Kattge and Knorr 2007 , Vårhammar et al. 2015 , but may also vary within tree species (i.e., among populations and genotypes), potentially reflecting temperature adaptation (Weston and Bauerle 2007) . Cool-origin populations sometimes show higher A and V cmax than warm-origin populations when compared at a common growth and measurement temperature (Oleksyn et al. 1998 , Silim et al. 2010 ). Higher A and V cmax in cool-origin populations have sometimes been associated with higher leaf nitrogen (N) concentrations, which may reflect greater investment in photosynthetic enzymes to help maximize carbon gain under cool conditions (Oleksyn et al. 1998 , Bresson et al. 2011 . Cool-origin populations may also show lower T opt for A, V cmax and J than warm-origin populations (Fryer and Ledig 1971 , Slatyer and Ferrar 1977 , Robakowski et al. 2012 . Even so, the temperature response of A is not always clearly associated with a tree population's climate of origin (Battaglia et al. 1996 , Gunderson et al. 2000 . Furthermore, whether cool-and warm-origin populations of the same species differ in their capacity to alter the short-term temperature response of photosynthesis in response to changes in T growth has not been widely tested.
It is also unclear whether adaptation to other aspects of climate, namely precipitation, might influence genetic variation in photosynthetic temperature acclimation. For instance, long-term adaptation to variation in precipitation might result in genetic differences in stomatal conductance (g s ) and stomatal sensitivity to temperature and vapor pressure deficit (VPD) (Bilan et al. 1977 , McKown et al. 2014 , Niinemets 2015 . Genetic variation in g s , in addition to genetic variation in biochemical capacity, could influence the temperature response of photosynthesis (i.e., T opt ) and therefore temperature acclimation of photosynthesis (Lin et al. 2012) . Even so, the degree to which adaptation to precipitation influences the temperature response of photosynthesis via effects on g s has not received much attention (but see Slot and Winter 2017) .
Leaf R is temperature dependent, increasing quasi-exponentially with increasing measurement temperature (Atkin and Tjoelker 2003) , although the T opt (i.e., T max ) of R is much higher (50-60°C; Hüve et al. 2012 , O'Sullivan et al. 2013 ) than the T opt of A (10-35°C; Way and Yamori 2014) . Thermal acclimation of R is commonly observed when trees are exposed to changes in T growth (e.g., Bolstad et al. 2003 , Aspinwall et al. 2016 , and primarily occurs through a change in basal rates of R at a set temperature, but may also occur via a change in the temperature sensitivity of R (i.e., activation energy, E a , or Q 10 , change in R given a 10°C change in temperature) (Atkin and Tjoelker 2003 , Atkin et al. 2005 , Tjoelker et al. 2009 ). Previous work has demonstrated that rates of R may vary among populations within species, potentially reflecting differences in thermal adaptation. Under common temperature conditions, tree populations native to cooler habitats sometimes show higher R than populations native to warmer climates (Billings et al. 1971 , Ledig and Korbobo 1983 , Criddle et al. 1994 , Reich et al. 1996 , Oleksyn et al. 1998 . Higher rates of R in cool-origin populations have been associated with higher leaf N and carbohydrate concentrations, potentially reflecting greater investment in respiratory enzymes and greater availability of respiratory substrates (Reich et al. 1996 , Oleksyn et al. 1998 , Tjoelker et al. 2008 . Nonetheless, the degree to which populations from contrasting climates vary in their ability to adjust the temperature response of R in response to changes in T growth remains unclear (Bolstad et al. 2003 , Lee et al. 2005 , Tjoelker et al. 2009 ).
Corymbia calophylla (Lindl.) K.D.Hill & L.A.S.Johnson (Eucalyptus sensu lato, family Myrtaceae) is an ideal tree species for examining the contribution of acclimation and adaptation to variation in tree physiological responses to temperature. This broad-leaved evergreen tree species is a key component of the biologically rich Mediterranean-type forests and woodlands of southwestern Australia, and occurs across steep gradients of temperature and precipitation. The species has recently experienced episodes of dieback and mortality attributed to more frequent and intense heatwaves and drought (Matusick et al. 2013) , prompting strategies for preserving the long-term viability of the species. One option being considered is assisted gene migration (Aitken and Bemmels 2015) , whereby populations from warm, arid environments are transplanted into relatively cool, moist environments that are projected to become warmer and drier in the future. However, it remains unclear whether these populations are physiologically adapted to their home climate or vary in their capacity to physiologically acclimate to different climates. More broadly, Mediterraneantype ecosystems are expected to experience significant shifts in climate over the coming decades, yet there remains little information regarding climatic adaptation, plasticity and genetic variation in plasticity within plant species native to these ecosystems (Matesanz and Valladares 2014) .
Here, we grew two warm-origin and two cool-origin populations of C. calophylla, one each from a low and high precipitation environment, under two temperature treatments representing the average summertime temperatures at the warm-and cool-edge of the species distribution. We measured A, g s , V cmax , J and R at leaf temperatures between 20°C (15°C for R) and 40°C, and tested whether variation in the temperature response of leaf photosynthesis and respiration can be attributed to temperature adaptation or acclimation to changing growth temperatures, or whether populations differ in the temperature response of A and R depending on T growth (i.e., population × growth temperature interaction). We also examined how variation in stomatal conductance between temperature treatments or among populations influenced the temperature response of photosynthesis. If adaptation is the primary determinant of the temperature response of A and R, we expected that averaged across temperature treatments, cool-origin populations would show lower T opt for A, V cmax and J, but higher basal R and temperature sensitivity of R (Q 10 or E a ) than warm-origin populations, reflecting different thermal niches and hence adaptation to local climate. If acclimation is the primary determinant of the temperature response of A and R, we expected that averaged across populations, seedlings grown under warmer temperatures will show higher T opt for A, V cmax and J, but similar or lower A, V cmax , J and R measured at a set temperature compared with seedlings grown at lower temperatures. If both adaptation and acclimation influence the temperature response of A and R, we expected that populations' physiological responses to temperature would depend upon temperature treatment. For example, cool-origin populations may alter the temperature response of A and R when grown under warm temperatures, but warm-origin populations may not alter the temperature response of A and R when grown under cool temperatures. Additionally, we examined the potential importance of adaptation to precipitation by determining whether populations from low and high precipitation sites within cool and warm environments show differences in the temperature response of photosynthesis or temperature acclimation of photosynthesis.
Materials and methods

Plant material and experimental design
Corymbia calophylla is a widely distributed and co-dominant tree species in the Southwest Australia Ecoregion, a recognized global biodiversity hotspot (Brooks et al. 2002 , Boland et al. 2006 , Mittelmeier et al. 2011 . The geographic distribution of C. calophylla stretches from 28 to 34°S, and from 115 to 117°E (coast > inland). Within its distribution, temperature increases with latitude (mean maximum air temperature of the warmest quarter ranges from ∼26 to 32°C), and annual rainfall decreases with distance from the coast (∼1200-500 mm). For our study, we chose two warm-origin and two cool-origin populations of C. calophylla with one population from each thermal environment representing a relatively high and low precipitation site (Table 1) . Hereafter, populations are described based on their climatic origin; cool + wet (CW), cool + dry (CD), warm + wet (WW), warm + dry (WD). In general, the two cool-origin populations originate from environments that are more uniform (i.e., less seasonal) in terms of temperature and precipitation than the two warm-origin populations (Table 1) . Seeds from each population were obtained from the Western Australia Department of Parks and Wildlife and were germinated and grown as tube stock in a shade house on the Western Sydney University (Richmond, NSW, Australia) campus for roughly 2 months.
On 2 April 2014, 40 similarly-sized seedlings of each provenance were transplanted into 15-cm-diameter by 40-cm-long cylindrical pots filled with 9 kg of a moderately fertile sandyloam soil collected from a local forest in Menangle, NSW. A complete description of the soil macro-and micro-nutrients is provided in Drake et al. (2015) . Twenty seedlings per Note: Climate data source is Bioclim (Hijmans et al. 2005) . 1 Annual temperature range = mean maximum temperature of the warmest month -mean minimum temperature of the coldest month. 2 Precipitation seasonality = coefficient of variation of monthly precipitation.
Tree Physiology Online at http://www.treephys.oxfordjournals.org provenance were placed into one of two adjacent climatecontrolled naturally lit glasshouse rooms. Mean seedling height (H) and basal diameter (D) were 32.3 ± 6.1 cm (standard deviation) and 2.42 ± 0.4 mm, respectively, at the time of planting and did not vary between glasshouse rooms (P = 0.25) or provenances (P = 0.38). Each glasshouse room was set to a different average midday/ night time growth temperature treatment (26/12°C and 32/ 18°C), simulating the average air temperature during the warmest quarter (i.e., summer) at the northern and southern end of the species range, and were similar to the temperature conditions at the population's geographic origin (Table 1) . In each treatment, a daily time course of eight temperature set points were used to simulate the natural diurnal pattern of air temperature (see Figure S1a available as Supplementary Data at Tree Physiology Online). The average midday/night time VPD in the 26/12°C and 32/18°C temperature treatments was 0.44/ 0.10 kPa and 1.06/0.39 kPa, respectively (see Figure S1b available as Supplementary Data at Tree Physiology Online). Given that this experiment was conducted in the winter in the southern hemisphere, supplemental lighting (Pro 650W, LumiGrow, Emeryville, CA, USA) was applied at a photon flux density of 100 μmol m −2 s −1 (photosynthetically active radiation (PAR), 400-700 nm waveband) between the hours of 06:00-07:00 and 17:00-18:00, to maintain a 12-h photoperiod. Seedlings experienced natural lighting (i.e., ambient sunlight) for the remainder of the daylight hours, with peak midday PAR values between 1400 and 1600 μmol m −2 s −1 (see Figure S1d available as Supplementary Data at Tree Physiology Online). Seedlings were routinely rotated within each glasshouse room (fortnightly) to minimize location (micro-environmental) effects on seedling development and physiology, and temperature treatments were alternated between rooms every 4 weeks to avoid potential confounding of undetected room effects with those of the applied temperature treatments. The pots were watered to saturation every 1-3 days throughout the experiment and fertilized fortnightly (Aquasol, Yates Australia, Padstow NSW, Australia) to avoid nutrient limitations.
Photosynthetic CO 2 response measurements
On 7, 8 and 9 July 2014, after roughly 100 days under the treatment conditions, leaf-level light-saturated net photosynthesis (A sat ) CO 2 response curves (A/C i ) were measured on five randomly selected seedlings per provenance within each temperature treatment using eight LI-6400XT portable photosynthesis systems (LiCor Inc., Lincoln, NE, USA). The photosynthesis systems were split across the two temperature treatments and A/C i measurements were randomized across days so that equal numbers of seedlings from each provenance within each temperature treatment were measured on each day. A/C i curves were determined on each leaf at five measurement temperatures (20, 25, 30, 35 and 40°C) by temporarily adjusting the air temperature of the glasshouse room to the leaf measurement temperature, and by setting the LI-6400XT leaf temperature in the cuvette (T leaf ). Utilizing the glasshouse air temperature control system ensured that the entire seedling, including the measurement leaf, was exposed to each temperature set point. Seedlings were allowed to equilibrate to changes in temperature for~30 min before measurements commenced. All A/C i measurements were conducted at a constant PAR within the cuvette of 1800 μmol m −2 s −1
. Starting at 10:00 h, the first A/C i curves were measured at 20°C on one mature, fully elongated, sunlit upper canopy leaf and then repeated on the same leaf at four additional temperatures; 25, 30, 35 and 40°C. Each A/C i curve began with a steady-state measurement of A sat (μmol m −2 s −1
) and stomatal conductance to water vapor (g s , mol m
. Subsequently, A sat was measured at 11 additional C a set-points using the LI-6400XT CO 2 mixer control; 50, 100, 150, 230, 330, 420, 650, 800, 1200, 1500 and 1800 μmol CO 2 mol −1
. We controlled leaf chamber relative humidity (RH) between 60% and 80% for each A/C i response curve by manually adjusting the LI-6400XT desiccant column. Controlling RH was problematic at higher measurement temperatures (35 and 40°C), so we attached a humidified buffer air volume to the LI-6400XT air inlet valve by routing rubber tubing through two 100 ml vials, one of which was partially filled with room-temperature water. Maintaining high RH and low VPD inside the chamber at high temperatures was not always achievable and could not prevent reductions in stomatal conductance, but VPD conditions inside the chamber at high temperatures were lower than would have been achieved with no supplemental humidification. All measured leaves were tagged so that the temperature response of leaf dark respiration could be measured on the same leaves the following week. At the time of measurements, mean seedling height averaged 74.1 ± 2.0 cm and 68.5 ± 1.1 cm in the 26/12°C and 32/18°C treatments, respectively (P = 0.02), and did not vary among populations (P = 0.53). Mean seedling diameter did not differ between treatments (P = 0.33) or among populations (P = 0.47), and averaged 8.0 ± 0.1 mm.
Each A/C i curve was parameterized using the Farquhar model of C 3 photosynthesis (Farquhar et al. 1980) . The model estimates the maximum rate of Rubisco carboxylation (V cmax ; μmol m −2 s −1 ) and the rate of electron transport for RuBP regeneration (J; μmol m −2 s −1 ). The model was fit using non-linear regression in SAS v9.3 (PROC NLIN, SAS Institute Inc., 2010) following Dubois et al. (2007) . We estimated V cmax and J simultaneously when at least five data points were present in the linear part of the curve, and when three data points were present in the saturating part of the curve. For some individual leaves, stomatal closure was unavoidable at high measurement temperatures, which resulted in few data points (less than three) in the saturating part of the curve. In this case, only the linear part of the curve was used to estimate V cmax . Among the 40 A/C i curves measured at 40°C, V cmax was estimated for 37 leaves, while J was estimated for only 6 leaves.
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We assessed the impacts of variable g s on the temperature response of A sat by examining the relationships between g s and T leaf , g s and VPD, and stomatal limitation of A sat (L, dimensionless) and T leaf . L was calculated following Farquhar and Sharkey (1982) by comparing observed A sat with the predicted rate of A sat if stomatal limitation was zero (i.e., C i = C a ). The predicted rate of A sat when L = 0 was back-calculated from predicted V cmax using the model of Farquhar et al. (1980) .
Modeling the temperature of response of A sat , V cmax and J Non-linear regression (PROC NLIN, SAS Institute Inc. 2010) was used to model the temperature response of A sat , V cmax and J across data pooled for each provenance and growth temperature treatment combination (n = 5 leaves), rather than modeling the photosynthetic temperature response of each replicate leaf individually. We chose this approach because of incomplete temperature response data for some individual leaves. The instantaneous temperature response of A sat was fit using a parabola (Battaglia et al. 1996) :
where A sat is the measured light-saturated net photosynthetic rate at the measured T leaf , and A opt is A sat at the temperature optimum, T opt . The spread of the parabola is described by the parameter b; a larger b describes a relatively narrow curve while smaller b describes a broader curve. The temperature response of V cmax and J showed evidence of a peaked function. Thus, a modified form of the Arrhenius function (Medlyn et al. 2002) was used to model the temperature response of V cmax and J:
), r is the universal gas constant (8.314 J mol
), and T k is T leaf in K. ΔS and H d describe the decrease in V cmax and J above the temperature optimum. H d is the deactivation energy, but to avoid over-parameterization, H d was held constant at 200 kJ mol −1 as in previous studies (Medlyn et al. 2002 , Kattge and Knorr 2007 , Vårhammar et al. 2015 . The entropy term, ΔS (kJ mol −1
), describes the peak of the temperature response function. A second form of the peaked Arrhenius function was used to model the temperature optimum of V cmax and J:
where k opt is the rate of V cmax or J at the temperature optimum, T opt (°C). Parameters H a and H d are the same between the two forms. In cases where the T opt of V cmax and J was not apparent (i.e., there was no peak to the response function), a standard Arrhenius function was used to model the temperature response of V cmax and J:
Temperature response of leaf dark respiration
The short-term temperature response of R was determined using an established protocol (O'Sullivan et al. 2013) , which utilizes a large gas-exchange chamber (3010-GWK1, Heinz Walz GmbH, Effeltrich, Germany) connected to an infrared gas analyzer (LI-6400XT). The temperature response of R was measured on the same leaves used for determining the temperature response of leaf photosynthesis. Measurements were blocked across a 2-day period such that equal numbers of randomly selected seedlings from each provenance within each temperature treatment were measured on each day. Measurements were made on detached leaves. Previous studies using the same technique for measuring the temperature response of leaf R found no difference between attached and detached leaves of related species (Eucalyptus spp., O'Sullivan et al. 2013 , Gauthier et al. 2014 . Leaves were detached pre-dawn to standardize collection time, leaf area (LA, cm 2 ) was quickly measured with a leaf area meter (LI-3100C, Li-Cor Inc.), and leaves were subsequently placed in sealed plastic bags with moist paper to prevent desiccation and placed in a cooler to ensure they remained dark-adapted. The temperature response of leaf R was measured over a temperature range of 15-40°C. To initiate a temperature response curve of R, the leaf was first placed into the chamber in darkness at the prevailing room temperature (~15°C). T leaf in the chamber was continuously measured with a small-gauge copper constantan thermocouple wire pressed against the abaxial surface of the leaf, and attached to a LI-6400XT external thermocouple adaptor (LI6400-13, Li-Cor Inc.). To facilitate measurements of R, the air-stream from the chamber was connected to the 'sample' gas line of the LI-6400XT fitted with an empty and closed 2 × 3 cm cuvette. The LI-6400XT flow control and CO 2 mixer were used to control flow rate and [CO 2 ] of the air entering the 3010-GWK1 chamber at 500 mol s −1 and 400 μmol mol −1 , respectively. The incoming air was dried before entering the 3010-GWK1 chamber by routing the incoming air through the LI-6400XT desiccant column. Rates of R were calculated via comparison of the 'sample' and 'reference' CO 2 values. Once rates of R reached steady state at 15°C, the reference and sample lines were matched, R was recorded using the LI-6400XT, and the air temperature inside the chamber was heated at a rate of 1°C min -1 using the chamber software (GFS-Win, Heinz Walz GmbH).
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The sample and reference gas lines were matched prior to the start of each R temperature response curve, and every 5 min as the curve developed. Data were logged every 30 s. Afterwards, the sampled leaves were dried at 70°C for 72 h. Leaf dry mass (g) was determined and leaf dry mass per unit leaf area (LMA, g m −2
) for each leaf was calculated by dividing LA by leaf mass. The dried leaf material was ground into a fine powder using a ball mill, stored under desiccation, and leaf N (mg g −1 ) was determined using a combustion elemental analyzer (TruSpec Micro, Leco, St Joseph, MI, USA). The LMA was used to express leaf N on an area basis (N area , g N m −2 ).
Modeling the temperature response of leaf dark respiration
Non-linear regression (PROC NLIN, SAS Institute Inc. 2010) was used to model the temperature response of R. We modeled the temperature response of R across pooled data for each provenance and growth temperature treatment combination (n = 5 leaves), consistent with our modeling approach for photosynthesis. To determine the appropriate model for our data, we examined the relationship between log e -transformed R m and the reciprocal of T leaf (i.e., Arrhenius plot; 1000/T leaf (K −1 ); see Hüve et al. 2012 , O'Sullivan et al. 2013 . The relationship between log e R m and the reciprocal of leaf temperature (K) did not deviate from linear (see Figure S2 available as Supplementary Data at Tree Physiology Online), indicating that the temperature sensitivity of R was relatively constant over the measurement temperature range (15-40°C). We also modeled log e R m using a polynomial function of T leaf . For each temperature treatment, provenance or provenance × temperature treatment combination, the polynomial term in the model (T leaf 2 ) did not differ from zero (P > 0.05), indicating that the temperature sensitivity of leaf R was largely constant over the entire temperature range. Thus, we modeled the temperature response of R using a modified Arrhenius function (Lloyd and Taylor 1994, Turnbull et al. 2003) to provide model estimates of R at a reference temperature of 20°C and the activation energy (E a , kJ mol −1 ) of R, which describes the temperature sensitivity of R across the range of measurement temperatures. Because Q 10 values (change in R given a 10°C change in temperature) are commonly used in simulation and vegetation models, we also determined the temperature sensitivity of R using a fixed Q 10 model (see Tjoelker et al. 1999 ).
Data analysis
All statistical analyses were conducted in SAS v9.3 (SAS Institute Inc. 2010). We tested population, growth temperature and population × growth temperature effects on the temperature response of photosynthesis and respiration by examining whether 95% confidence intervals for the estimated temperature response parameters overlapped among populations and between temperature treatments, as well as among populations within each temperature treatment. We calculated upper and lower 95% confidence intervals by multiplying the standard error of the parameter estimate by 1.96 (critical value when α = 0.05). We chose this simple, conservative approach over two alternative approaches: (i) fitting separate temperature functions for each individual leaf, then testing for population, temperature treatment and population × temperature treatment effects using a general linear model, and (ii) non-linear mixed effect modeling. The first approach was not feasible because of missing temperature response data for some individual seedlings (e.g., limited J data at 40°C measurement temperature), and because temperature response parameters are not directly measured, there is some uncertainty associated with parameter estimation. Fitting temperature response functions for each seedling individually could therefore result in propagation of errors which compromise tests of significance using general linear models (i.e., analysis of variance). The second approach was not chosen because of the complexity of fitting non-linear mixed effect models with our reciprocal transplant design (i.e., population × growth temperature interaction). The variables LMA and N area were directly measured on individual leaves, so a general linear model was used to test for population, temperature treatment and population × temperature treatment effects on N area and LMA. As total leaf N approximates total leaf photosynthetic and respiratory enzyme content (Ryan et al. 1996 , we also used linear regression (PROC REG) to test whether variation in N area can explain variability in leaf A, V cmax , J and R measured at a set temperature.
Results
Temperature response of A sat , V cmax and J Populations exhibited variation in A opt (i.e., A sat measured at the optimum leaf temperature) that was dependent upon temperature treatment (i.e., population × temperature treatment interaction). In the cooler temperature treatment (26/12°C), the population from the Cool-Wet (CW) environment had the lowest A opt among the four populations (Table 2; Figure 1 and see Figure S3 available as Supplementary Data at Tree Physiology Online), but the CW population had the highest A opt in the warmer temperature treatment (32/18°C), exhibiting the largest shift in A opt (43% increase) between growth temperatures among the four populations. This population (CW) showed a similar increase in A sat 25 between the cool and warm treatments.
This was the only population to exhibit changes in A opt and A sat 25 in response to a change in growth temperature (Table 2 ; Figure 1 and see Figure S3 available as Supplementary Data at Tree Physiology Online). The temperature optimum for photosynthesis (T opt ) and the shape of the temperature response function (i.e., parameter b) did not vary among populations or between temperature treatments (Table 2; Figure 1 ). Averaged across temperature treatments and populations, T opt and b were 25.2 ± 0.4°C and 0.049 ± 0.006, respectively.
Regardless of temperature treatment or population, g s declined at leaf temperatures between 20 and 23°C, and declined steadily with increasing VPD (VPD >1 kPa) (Figure 2 ). Stomatal limitation of A sat (L) was 20-40% when T leaf was less than T opt , and increased to~75-80% when T leaf approached 40°C (see Figure S4 available as Supplementary Data at Tree Physiology Online). While the shape of the stomatal response to temperature and VPD was relatively constant (as well as the relationship between L and T leaf ) among populations and temperature treatments, mean rates of g s differed among populations and between temperature , rate of A sat measured at leaf temperature of 25°C. The coefficient of determination (R 2 ), model F-value and P-value describe the model fit and significance. Figure 1 . The short-term temperature response of light-saturated net photosynthesis (A sat ) in four populations of Corymbia calophylla from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. Solid blue and red lines represent the temperature response functions for the 26/12°C and 32/18°C growth temperature treatment, respectively, fit across all data (blue (26/ 12°C) and red (32/18°C)) for each population. Parameters describing the temperature response of A sat for each growth temperature and population are shown in Table 2 .
Tree Physiology Online at http://www.treephys.oxfordjournals.org treatments (Figure 2 and see Figure S4 , P < 0.01) (Figure 2 ). Averaged across temperature treatments, both CW and CD showed significantly higher g s (at T leaf = 25°C) than WW (Figure 2 , P ≤ 0.01). CD also showed significantly higher g s (at T leaf = 25°C) than WD (Figure 2 , P = 0.04). Interestingly, population CW showed similar stomatal responses to temperature and VPD regardless of temperature treatment (Figure 2a and e). Seedlings of the remaining populations grown at 32/18°C showed lower g s across the range of measurement temperatures and VPD than seedlings grown at 26/12°C (Figure 2) .
Among the four populations, only CW showed higher V cmax (measured at 25°C, V cmax 25 ) in seedlings grown at 32/18°C compared with 26/12°C (Table 3; Figure 3 and see Figure S5 available as Supplementary Data at Tree Physiology Online). However, populations did not differ in V cmax 25 in either environment (Table 3 ; Figure S5 available as Supplementary Data at Tree Physiology Online), and the parameters describing the temperature response of V cmax did not vary among populations or between temperature treatments (Table 3 ; Figure  S5 available as Supplementary Data at Tree Physiology Online).
In particular, the average T opt of V cmax differed by less than 1.0°C between temperature treatments and among populations. Averaged across temperature treatments and populations, the T opt of V cmax was 35.9 ± 0.9°C, and H a and ΔS were 66.1 ± 6.0 kJ mol −1 and 0.641 ± 0.002 kJ mol −1 , respectively (Table 3) . Populations showed differences in J measured at 25°C (J 25 ), but differences were dependent upon temperature treatment (i.e., population × temperature treatment interaction). At 26/12°C, populations showed no differences in J
25
, but at 32/18°C CW showed significantly higher J 25 than the remaining populations (Table 3 ; Figure 4 and see Figure S6 available as Supplementary Data at Tree Physiology Online). Indeed, CW increased J 25 by 27% when grown at 32/18°C and was the only population to change J 25 in response to a change in growth temperature (Table 3 ; Figure 4 and see Figure S6 available as Supplementary Data at Tree Physiology Online). The T opt of J varied by less than 0.5°C between growth temperature treatments, but differed by as much as 6°C among populations (i.e., difference between WW and CD; Table 3 ). However, confidence intervals for the T opt of J were rather large and overlapped across populations, indicating that the T opt of J was not significantly different among populations. Averaged across temperature treatments and populations, the T opt of J was 38.5 ± 2.0°C. The remaining parameters describing the temperature response of J did not vary among populations or between temperature treatments. Averaged across growth temperatures and populations, H a and ΔS were 34.0 ± 2.4 kJ mol ) did not vary among populations or between temperature treatments, and averaged 1.58 ± 0.03 (Table 3 ; Figure S6 available as Supplementary Data at Tree Physiology Online).
Temperature response of R
Populations varied leaf R measured at 20°C, but these differences depended upon growth temperature. When grown at 26/12°C, CW showed significantly lower rates of R (area and mass basis) measured at 20°C than the remaining populations (Table 4 ; Figure 5 and see Figure S7 available as Supplementary Data at Tree Physiology Online). When grown at 32/18°C, all populations showed reduced rates of R (at 20°C) compared with 26/12°C, and neither R area 20 nor R mass 20 differed among populations (Table 4 ; Figure 5 and see Figure S7 available as Supplementary Data at Tree Physiology Online). Populations also varied the temperature sensitivity of leaf R depending upon growth temperature. When grown at 26/12°C, CW showed higher Q 10 and E a values than the remaining populations, except for the population from the warm, dry environment (WD). When grown at 32/18°C, Q 10 and E a values did not differ among populations (Table 4 ; Figure 5 and see S7 available as Supplementary Data at Tree Physiology Online). Thus, populations showed lower rates of R (at 20°C) when grown under warmer temperatures, and population differences in R (at 20°C) and the temperature sensitivity of R were only apparent under cooler growth temperatures.
LMA and N area
Leaf mass per unit area (LMA) was 9% higher in seedlings grown at 32/18°C relative to seedlings grown at 26/12°C (P = 0.03; Table 5 ); LMA did not vary among populations and there was no population × growth temperature interaction on LMA (Table 5) . N area did not vary among populations, but was significantly higher (25%, P < 0.0001) in seedlings grown at 32/18°C (Table 5) . Although there was no significant population × temperature treatment effect on N area (Table 5) , CW showed a large (42%) increase in N area when grown at 32/18°C (Table 5) 
Discussion
We grew four populations of C. calophylla from contrasting climates under temperature treatments representative of the warm and cool edge of the species distribution, and tested whether variation in the short-term temperature response of leaf photosynthesis and respiration can be attributed to temperature acclimation, adaptation or both. We found that C. calophylla populations differentially altered the temperature response of A in relation to growth temperature, primarily by adjusting overall rates of A, V cmax and J, with
Tree Physiology Volume 37, 2017 Figure 2 . Relationships between stomatal conductance to water vapor (g s ) and measured leaf temperature (T leaf ), and leaf-to-air vapor pressure deficit (VPD) for Corymbia calophylla populations from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. Solid blue and red lines represent modeled relationships for the 26/12°C and 32/18°C growth temperature treatment, respectively, fit across all data (blue (26/12°C) and red (32/18°C)) for each population. The model parameters (and fits) describing each relationship are shown in Table S1 available as Supplementary Data at Tree Physiology Online.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Table 3 . Parameters estimates (± standard error) for the temperature response of V cmax and J of four Corymbia calophylla populations from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. If 95% confidence intervals (standard error × 1.96) for parameter estimate overlapped between growth temperature treatments or among populations, then temperature effects and population differences were not significant. Where the temperature response of V cmax and J differed between growth temperatures for individual populations, parameter estimates are denoted with different letters. 72.8 ± 6.2 72.1 ± 14.3 0.644 ± 0.004 35.1 ± 1.1 110.5 ± 3.4 29.1 ± 6.0 0.623 ± 0.052 40.5 ± 2.6 1.63 ± 0.07
Parameter descriptions: V cmax 25 and J 25 are the maximum rates of Rubisco carboxylation (μmol m −2 s −1 ) and electron transport for RuBP regeneration (μmol m −2 s −1 ), respectively, measured at leaf temperature of 25°C; H a is the activation energy of V cmax or J (kJ mol −1 ); ΔS (kJ mol −1 ) is the entropy term that describes the peak of the temperature response function for V cmax or J; T opt , the optimum leaf temperature for V cmax or J; J
25
:V cmax 25 , ratio of J to V cmax measured at 25°C. Thus, a standard Arrhenius function was used to model the temperature response of J, and ΔS could not be estimated. 1 The temperature response of J showed no evidence of a peaked function in seedlings of CW grown under 32/18°C and seedlings of the CD population grown under 26/12°C.
Tree Physiology Volume 37, 2017 little change in the temperature optimum (T opt ) of any photosynthetic parameter. Populations also varied in leaf R (measured at 20°C) and the Q 10 of leaf R under cool, but not warm growth temperatures. Genetic variation in thermal acclimation of A and R was primarily the result of a differential response of the population from the coolest, wettest environment. These results indicate that genetic differentiation and acclimation together influence leaf physiological responses to temperature. These findings have implications for tree species' responses to changes in temperature, and could inform conservation strategies such as assisted gene migration. Figure 3 . The short-term temperature response of the maximum carboxylation rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, V cmax ) in four populations of Corymbia calophylla from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. Solid blue and red lines represent the temperature response functions for the 26/12°C and 32/18°C growth temperature treatment, respectively, fit across all data (blue (26/12°C) and red (32/18°C) circles) for each population. Parameters describing the temperature response of V cmax for each growth temperature and population are shown in Table 3 . ) required to regenerate ribulose-1,5-bisphosphate in four populations of Corymbia calophylla from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments (n = 5 curves). Solid blue and red lines represent the temperature response function for the 26/ 12°C and 32/18°C growth temperature treatment, respectively, fit across all data (blue (26/12°C) and red (32/18°C) circles) for each population. Parameters describing the temperature response of J for each growth temperature and population are shown in Table 3 .
Temperature response of photosynthesis depends upon population, growth temperature and leaf nitrogen Previous studies in different plant species have shown that temperature adaptation (i.e., genetic differentiation) or temperature acclimation may individually influence the temperature response of leaf photosynthesis (Slatyer 1977 , Battaglia et al. 1996 , Gunderson et al. 2000 , Silim et al. 2010 . In comparison, relatively few studies involving forest trees have tested whether or not the temperature response of leaf photosynthesis is influenced by the combined effects of intraspecific variation (i.e., Table 4 . Parameters estimates (± standard error) describing the temperature response of leaf dark respiration (R) of four Corymbia calophylla populations from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. If 95% confidence intervals (standard error × 1.96) for parameter estimate overlapped between growth temperature treatments or among populations, then temperature effects and population differences were not significant. If the temperature response of R for individual populations did not vary with growth temperature, parameter estimates are denoted with the same letter.
Population
Temperature treatment R area 20 (μmol m Parameter descriptions: R area 20 and R mass 20 are estimated rates of R (area and mass basis) at a set measurement temperature of 20°C; Q 10 , over the temperature range 15-40°C, is the temperature sensitivity of R area describing a change in leaf R area given a 10°C change in leaf temperature; E a is the activation energy of R area . Figure 5 . Instantaneous temperature response of leaf R (per unit leaf area; R area ) in four populations of Corymbia calophylla from contrasting climates (CW = cool + wet; CD = cool + dry; WW = warm + wet; WD = warm + dry) grown under two temperature treatments. Solid blue and red lines represent the temperature response function for the 26/12°C and 32/18°C temperature treatment, respectively, fit across all data (blue (26/12°C) and red (32/18°C) open circles) for each population. Parameters describing the temperature response of R for each growth temperature and population are shown in Table 4 .
Tree Physiology Volume 37, 2017 temperature adaptation) and short-term thermal acclimation. In the current study, we observed that the population from the coolest, wettest environment (CW) altered the temperature response of photosynthesis in response to changes in growth temperature, while the other populations did not. Interestingly, this population showed the lowest rates of photosynthesis (at 25°C) among all populations when grown under the temperature treatment representing its home climate. This observation runs counter to other studies across a wide range of plant species where local populations show higher carbon fixation and performance relative to foreign populations (Slatyer 1977 , Leimu and Fischer 2008 , Hereford 2009 ). Yet, when grown at temperatures 6°C warmer than its home climate, this population shifted the entire photosynthesis temperature response curve upwards such that rates were higher across all measurement temperatures. Our results highlight that photosynthetic temperature acclimation may take different forms; some taxa alter T opt while others shift the temperature response curve up or down in terms of overall rates without a change in T opt Yamori 2014, Yamori et al. 2014) .
Interestingly, we found that the CW population up-regulated photosynthesis in response to warming but the CD population did not. Likewise, neither of the two warm-origin populations substantially altered the temperature response of any photosynthetic parameter when grown at temperatures 6°C cooler than their home climate. The observation that only the CW population showed evidence of plasticity in the temperature response of A might indicate that adaptation to precipitation, as well as temperature, contributes to intraspecific variation in thermal acclimation. Interestingly, increased climatic variability apparently did not contribute to greater capacity for photosynthetic temperature acclimation as the warm-origin populations were from more thermally variable environments but did not alter the temperature response of photosynthesis. A few similar studies have also found that species or populations native to different thermal environments differ in thermal acclimation of photosynthesis (Ferrar et al. 1989 , Atkin et al. 2006 , Ishikawa et al. 2007 , Zhang et al. 2015 ), yet to our knowledge no studies have explicitly tested whether or not adaptation to precipitation also influences thermal acclimation capacity. Nonetheless, we conclude that photosynthetic temperature acclimation varies among populations of C. calophylla, with evidence for greater plasticity in populations from relatively cool and wet environments. These results could indicate that C. calophylla populations from cool, wet environments have the adaptive capacity to cope with climate warming without the aid of assisted gene migration.
It is notable that the T opt of photosynthesis varied little among populations and between temperature treatments. These findings contrast with several studies, including some in trees, where taxa from warmer environments, or plants grown under warmer temperatures, often show a higher temperature optimum of A sat and photosynthetic capacity (Billings et al. 1971 , Slatyer 1977 , Battaglia et al. 1996 , Kattge and Knorr 2007 , Gunderson et al. 2010 . The lack of variation in the T opt of photosynthesis may be partially explained by the consistent response of g s to both T leaf and VPD; we found that g s responded to increasing T leaf and VPD in a similar manner across treatments and populations Table 5 . Temperature treatment, population and temperature treatment × population effects on leaf mass per unit area (LMA) and leaf nitrogen per unit area (N area ) in Corymbia callophylla. Mean and standard error values (n = 5) are provided for LMA and N area . Mean values for LMA and N area with the same letter do not differ between temperature treatments or populations. If LMA and N area for individual populations did not vary with growth temperature, parameter estimates are denoted with the same letter. (Figure 2) . Indeed, stomatal sensitivity to temperature and VPD and photosynthetic biochemistry may be equally important in determining the shape of the photosynthetic temperature response curve (e.g., Lin et al. 2012, Slot and Winter 2017) , and future studies investigating patterns of photosynthetic temperature adaptation and acclimation should consider the importance of variation (or lack thereof) in stomatal control. Surprisingly, we found that the temperature optimum of V cmax was similar or slightly lower than the T opt of J. Across a wide range of species and growth temperatures, the T opt of J is typically lower than the T opt of V cmax (Kattge and Knorr 2007) , presumably because thylakoid membrane stability, and therefore efficiency of electron transport for RuBP regeneration (i.e., J), declines at temperatures that are lower than temperatures at which Rubisco inactivation occurs , Sage and Kubien 2007 . It is important to note, however, that although the T opt of J could be estimated for the majority of the temperature response functions, it was often at or above the highest leaf temperature at which J was measured ( Figure 3) . Thus, there is some uncertainty regarding the T opt of J in many of these seedlings. Nonetheless, it appears that the high temperature threshold for photosynthesis is relatively similar and somewhat constant among populations and C. calophylla trees growing under different temperatures. In this species, we conclude that there is little evidence for genetic differentiation in the T opt of photosynthesis, and little capacity for adjustment in T opt of photosynthesis with a change in growth temperature. Limited genetic differentiation in the T opt of photosynthesis fits with emerging population genetics work which suggests that C. calophylla populations are not strongly differentiated or structured, and are largely connected through long-distance gene flow (Margaret Byrne, unpublished data).
Previous work has suggested that the degree to which species or populations vary in temperature acclimation of photosynthesis is related to changes in leaf N or N partitioning (Hikosaka et al. 1999 , Ishikawa et al. 2007 ). For instance, in Plantago asiatica, Ishikawa et al. (2007) found that cool-origin ecotypes invested more N in RuBP regeneration (i.e., J) relative to Rubisco (i.e., V cmax ) than warm-origin ecotypes, but only under cooler growth temperatures. In our study, we found that the CW population showed the largest increase in the ratio of J 25 to V cmax 25 (16%) under cool relative to warm growth temperatures compared with warm-origin populations, suggesting that this population allocated more N towards RuBP regeneration relative to Rubisco. Our study and the study by Ishikawa et al. (2007) provide evidence for greater plasticity in photosynthetic temperature acclimation and N partitioning in cool-origin populations. Yet, in contrast to Ishikawa et al. (2007) we found that only one of the cool-origin populations (CW) increased overall rates of photosynthesis and photosynthetic capacity (at a set temperature) in response to warmer growth temperatures, without a change in T opt of any photosynthetic parameter.
We argue that the population variation in temperature acclimation of photosynthesis observed in our study was related to both variation in stomatal conductance and changes in photosynthetic biochemistry linked with variation in leaf N (i.e., N area ). CW, the only population to alter the temperature response of photosynthesis, maintained a similar stomatal response to temperature and VPD regardless of growth temperature while the remaining populations all showed reduced g s in seedlings grown under warmer temperatures. CW also increased A sat and J (and to some degree V cmax ) measured at 25°C when grown at warmer temperatures while the remaining populations did not. The increase in photosynthetic capacity in CW was associated with a 42% increase in N area (although population × temperature treatment interaction was not significant). The remaining populations also increased N area in response to warming, but these relative increases in N area were comparatively smaller (13-23%). It is not clear why CW showed the largest increase in N area under warmer temperatures but it could be due to greater plasticity in root properties that allowed for greater N uptake. We also found strong positive associations between A sat , V cmax and J (at 25°C) and N area in the low temperature treatment, and N area , A sat , V cmax and J (at 25°C) were generally higher in the warm temperature treatment compared with the cool temperature treatment. Concomitant increases in LMA under warmer growth temperatures may partially explain the increase in N area under warmer growth temperatures as thicker or denser leaves will have greater N area than thinner or less dense leaves with the same leaf area and N content. A positive association between photosynthetic capacity and N area is expected as observed previously, particularly since photosynthetic proteins represent a substantial proportion of leaf N (Evans 1989 , Wilson et al. 2000 , Domingues et al. 2010 ). Yet, overall, we conclude that both stomatal control and changes in photosynthetic biochemistry contributed to population differences in photosynthetic temperature acclimation.
Respiratory temperature acclimation differs among populations from contrasting thermal environments
We found that the short-term temperature response of leaf R varied among C. calophylla populations, but changes in growth temperature modified population differences in the temperature response of leaf R. In particular, under cooler growth temperatures, the population from the coolest, wettest environment (CW) showed lower R (at 20°C) than all other populations, and higher temperature sensitivity of R (E a or Q 10 ) than two of the three remaining populations. Under warmer growth temperatures, population differences in R (at 20°C), E a or Q 10 were not observed, although all populations down-regulated R. It is interesting that the CW population was the only population to differ in the temperature response of R, and only under cooler growth temperatures. Although this may indicate that adaptation to temperature and precipitation both contribute to intraspecific variation in thermal acclimation of R, we are not aware of experiments that have explicitly tested this question. Nonetheless, the observation that thermal acclimation of leaf R varies among populations contrasts somewhat with previous studies. In Acer rubrum, Quercus alba, Quercus rubra (Bolstad et al. 2003 , Lee et al. 2005 , Pinus banksiana (Tjoelker et al. 2008 (Tjoelker et al. , 2009 ) and Populus balsamifera (Silim et al. 2010 ) the main effects of temperature acclimation generally overwhelm genetic differentiation in leaf R or genetic variation in thermal acclimation of leaf R. More broadly, our findings indicate that estimates of respiratory carbon fluxes in the forests of southwestern Australia could be aided by accounting for intraspecific variation in thermal acclimation of leaf R.
Some notable patterns of variation in the temperature response of leaf R warrant further discussion. Under the cooler growth temperature, population differentiation in R area 20 largely mirrored population differentiation in A opt ; populations with higher R area 20 tended to show higher A opt and vice versa. Thus, population variation in leaf CO 2 exchange might be explained by a simple positive association between the rate of leaf carbon gain and the rate of respiratory carbon use. Even so, changes in growth temperature modified population variation in both A and R. It is also interesting that the population which showed the smallest down-regulation (i.e., acclimation) of leaf R in response to warmer temperatures (CW), also showed the largest upregulation of A, V cmax and J measured at 25°C. A possible explanation for the modest respiratory down-regulation of R and strong up-regulation of photosynthetic capacity in this population could be that maintenance of greater photosynthetic capacity requires greater energy (i.e., ATP) expenditures for several processes including sucrose synthesis, cytosolic nitrate accumulation and balancing cellular redox status through metabolite distribution (Nunes-Nesi et al. 2011) . It could also be that higher rates of photosynthesis in CW resulted in greater carbon (i.e., soluble sugars, starch) available for respiratory processes, thereby constraining the degree to which R was reduced with warming. Although we did not measure concentrations of nonstructural carbohydrates, several studies have demonstrated a tight coupling between carbohydrate availability and leaf R in a variety of tree species (Tjoelker et al. 2008 , 2009 , O'Grady et al. 2010 , Aspinwall et al. 2016 . While these patterns are intriguing, the mechanisms underlying population variation in respiratory and photosynthetic temperature acclimation remain unresolved.
In this study we set out to examine the relative contribution of temperature adaptation and acclimation to variation in the temperature response of A and R. Among the four populations included in this study, we found that the population from the coolest, wettest environment differed from the remaining populations in its ability to alter the temperature response of A and R in response to changes in growth temperature. Thus, temperature acclimation and genetic differentiation may both influence tree physiological responses to temperature. Accounting for both population and growth temperature effects on the temperature response of A and R may help refine estimates and future predictions of forest CO 2 exchange over space and time. These results could also inform conservation strategies by providing a physiological basis for genetic variation in adaptive capacity.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
